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A major problem area a s s o c i a t e d  w i t h  t h e  swcess fu  L d e s i g n  and o p e r a t  i on  
of modern gas t u r b i n e  e n g i n e s  is  t h e  t u r b i n e .  This s e c t i o n  r e p r e s e n t s  a 
c o n s i d e r a b l e  cha1 Lenge t o  both t h e  d e s i g n  and r e s e a r c h  e n g i n e e r  as i t  c o n t a i n s  
s i g n i f i c a n t  r e g i o n s  of complex three-dimensional  f lows which i n c l u d e  b o t h  
aez-odynami c and h e a t  t r a t i s f e r  phenomena. 4s a r e s u l t ,  t h e  t u r b i n e  s e c t i o n  has  
been t h e  o b j e c t  of e x t e n s i v e  i n v e s t i g a t i o n  v i a  both a n a l y s i s  and experiment .  
The present paper d i s c u s s e s  work performed t o  d a t e  by S c i e n t i f i c  Research 
A s s o c i a t e s  under the  NASA HOST program i n  t h e  nuiaeri c a l  s i  millation of t u rb i  n e  
pas sage  f lows v i a  a Navier-Stokes appproach. The pape r  is a summation of t he  
work performed between 1984 and 1987. Th i s  work i n c l u d e s  bo th  l amina r  and 
tc l rbulent  s i m u l n t i o n s  in both two and t h r e e  dimensions.  An o u t l i n e  of t he  
approach and background as w e l l  as an overview of t h e  results fo l low.  
APPROACH AND BACKGROUND 
The p r e s e n t  approach s o l v e s  t h e  ensem3le-averaged Navier-Stokes e q u a t i o n s  
v i a  t h e  L i n e a r i z e d  Block i i n p l i  ci t (LBI) t echn ique  of B r i l e y  and I.lcDouald 
(Ref., 1). Boundary c o n d i t i o n s  f o r  subson ic  i n f l o w  and o u t f l o w  ( t h e  u s u a l  
c a s e )  se t  upstream s t a g n a t i o n  p r e s s u r e ,  upstream s t a g n a t i o n  t e m p e r a t u r e ,  
u p s t r e a m  Elow a n g l e  and downstream s t a t i c  p r e s s u r e .  A d d i t i o n a l  c o n d i t i o n s  
u s e d  are d e n s i t y  d e r i v a t l v e  on t h e  i n f l o w  (upstream boundary) ,  and ve loc i - ty  
a n d  t empera tu re  second d e r i v a t i v e s  on t h e  downstream boundary. On the  cascade  
k l a d e ,  no - s l lp  c o n d i t i o n s  and a zero nor!nal pressure g r a d i e n t  c o n d i t i o n  are 
a p p l i e d  along wi.th e i t h e r  a s p e c i f i e d  temperature o r  a s p e c i f  l ed  h e a t  t r a n s f e r  
ra te .  I n  g e n e r a l ,  t h e  f i r s t  g r i d  p o i n t  o f f  t h e  wall  is t aken  so a s  t o  p l a c e  a 
p o i n t  i n  the v i s c o w  subl.ayer.  The governfng e q u a t i o n s  are  w r i t t e n  i n  g e n e r a l  
t e n s o r  form and so lved  i n  a b o d y - f i t t e d  c o o r d i n a t e  system. The procedure can 
be used  e i - t h e r  f o r  1.aminac o r  t u r b u l e n t  Elow. When used € o r  t u r b u l e n t  f low 
e i t h e r  a inixjng l e n g t h  model o r  a two-equation, k-E, model is a v a i l a b l e .  
T r a n s i t i o n  can be mode.Led e i t h e r  through t h e  k-c e q u a t i o n  o r  v i a  a s p e c i f i e d  
t r a n s i t i o n  l o c a t i o n .  De ta i  1s of the  governing e q u a t i o n s ,  nuruerical  
t e c h n i q u e s ,  g r i d  c o n s t r u c t i o n ,  t u r b u l e n c e  model, etc.  are g iven  i n  Kefe rences  
2-4. 
._- - - -___-- -  *. The work presenLed h e r e  has been pe r f  orrued under NASA Con t rac t  NAS3-24358 
and NAS3-23695. Work UJldC._I- Lhe l a t t - e r  c o n t r a c t  vJas performed under 
s u b c o n t r a c t  t o  A l l i s o n  Cas Turbine Opera t jons .  
199 
PRECEDING PAGE BLANK NOT FilMED 
https://ntrs.nasa.gov/search.jsp?R=19890007942 2020-03-20T03:18:00+00:00Z
I N 1 T  LAL C3X - "O"-GRID RESlJL'I'S STUD'LES 
The computa t iona l  e f f o r t s  pursued under t h i s  program a1 1 c o n s i d e r e d  t h e  
A l l i s o n  C3X t u r b i n e  cascade  c o n f i g u r a t i o n .  A computer g e n e r a t e d  p l o t  of t h i s  
c o n f i g u r a t i o n  with an 0-type computa t iona l  g r i d  is shown i n  F igu re  1. This  
c o o r d i n a t e  system c o n s i s t s  of 30 p o i n t s  i n  t h e  pseudo- rad ia l  d i r e c t i o n  and 120 
p o i n t s  i n  t h e  pseudo-azimuthal d i r e c t i o n .  The upstream boundary is placed a t  
2 . 2 5  a x i a l  chords  upstream of t h e  lead-lng edge and t h e  downstream boundary i s  
p l aced  a t  2.65 a x l a l  chords downstream of t h e  t r a i l i n g  edge. High r a d i a l  
r e s o l u t i o i  is  o b t a i n e d  nea r  t h e  s u r f a c e  of t h e  b l a d e ,  with t h e  f i r s t  c o o r d i n a t e  
l i n e  l o c a t e d  a t  a d i s t a n c e  of 1 . 0 ~ 1 0 - ~  a x i a l  chords from the s u r f a c e  which is 
w i t h i n  t h e  t u r b u l e n t  boundary l a y e r  visco:is s u h l a y e r .  I n  a d d i t i o n ,  h i g h  
pse:ido-azimuthal r e s o l u t i o n  is ob ta ined  a t  both l e a d i n g  and t r a i  Ling edges.  
C a l c u l a t i o n s  made w i t h  t h e  SRA procedure us ing  t h i s  g r i d  are shown i n  
Figcire 2. The case was run with flow pa rame te r s  correspondin?; t o  t e s t  case 144 
of Reference 5.  The pa rame te r s  were a r a t i o  of upstream t o t a l  t o  downstream 
s t a t i c  p r e s s u r e  of 1.66, an e x i t  Mach number of 0.90, an e x i t  Reynolds number 
of 2.43x106, a r a t i o  of ave rage  b l ade  surface t empera tu re  t o  i n l e t  gas t o t a l  
temperature of 0.75 and an ave rage  i n l e t  t u r b u l e n c e  j n t e n s i t y  of .065. F i g u r e  
2 shows a comparison between d a t a ,  t h e  p r e s e n t  Navier-Stokes approach and t h e  
i n v i s c i d  approach of Delaney (Ref. 6 ) .  There i s  e x c e l l e n t  agyeement between 
t h e  p r e s e n t  c a l c u l a t i o n s  and t h e  expe r imen ta l  d4 ta .  Mixing l e n g t h  and k-E 
two-equation t u r b u l e n c e  models were employed, and ( a s  e x p e c t e d )  t h e  r e s u l t  of  
c a l c u l a t i o n s  i n d i c a t e  very l i t t l e  d i f f e r e n c e  i n  the  p r e d i c t i o n  o€ t h e  pressure  
coefficient. Due t o  t h e  small  v i scous  d i sp lacemen t  e f f e c t ,  the i n v i s c i d  
c a l c t i l n t i o n s  show c l o s e  agreement with the  p r e s e n t  computed r e s u l t s .  Also 
shown i n  t h i s  € i g u r e  are t h e  d a t a  from cases 148 and 155, w'lich were run under 
nominal ly  i d e n t j c a l  c o n d i t i o n s  ( c f .  R e f .  5) t o  i n d i c a t e  t h e  r e l a t i o n s h i p  
between t h e  c a l c u l a t i o n s  and t h e  e x p e r i m e n t a l  s c a t t e r .  
I n  F i g u r e  3 t h e  d i s t r i b u t i o n  of t h e  computed h e a t  t r a n s f e r  c o e f f i c i e n c  i s  
s h o m  f o r  c a s e  144 w i t h  both f i lm-coo l ing  and non-film-cooling o p t i o n s .  For 
t h e  non-film c o o l i n g  o p t i o n ,  with t h e  l o c a l  s u r f a c e  temperature d i s t r i b u t i o n  
0 o i v e n  I n  Reference 5, a mixJng l e n g t h  t u r b u l e n c e  model i n  c o n j u n c t i o n  wi th  a 
t r a n s i t i o n  model was employed f o r  which l amina r  f low was assumed i n  t h e  r e g i o n  
x/c, < 0.2 fol lowed by a t r a a s j t i o n a l  m n e  and t h e r e a f t e r  by f u l l y  t u r b u l e n t  
f low.  The p r e d i c t i o n s  o b t a i n e d  wi th  the  model compare very w e l t  wi th  t h e  
e x p e r i m e n t a l  d a t a  t aken  with no f i lm-coo l ing  p r e s e n t .  Fol lowing t h i s  i n i t i a l  
c a l c u l a t i o n ,  t h e  f i lm-coo l ing  o p t i o n  i n  t h e  code was a c t i v a t e d  wi th  a i r  
i n j e c t e d  a t  30" t o  t h e  s u c t i o n  s i d e  over  0.8 < x/c, < 0.9 a t  a v e l o c j t y  of 7% 
of f r e e s t r e a m .  The l o c a l  s u r f a c e  temperat i l re  was kept  f ixed  at the same value 
as t h e  non-film-cooling o p t i o n .  Although no d a t a  is a v a i l a b l e  For comparison,  
t h e  c a l c u l a t i o n  does demons t r a t e  t h e  e f f ec t  of f i lm-cool ing.  From the o n s e t  of 
i n j e c t i o n  t o  t h e  t r a i l i n g  edge t h e  h e a t  t r a n s f e r  r a t e  d rops  t o  n e a r l y  ze ro .  
Th i s  behav io r  is a consequence of t h e  b u f f e r  r e g i o n  of c o n s t a n t  t empera tu re  
coo l  gas whjch p r o t e c t s  t h e  b l a d e  s u r f a c e  from t h e  h o t t e r  f l u i d  i n  t h e  c a s c a d e  
passage.  The comparison of t he  pressure d i s t r i b u t i o n  f o r  both f i l m  c o o l i n g  arid 
non-fi1.m-cooling o p t i o n s  is shown i n  F i g u r e  4. The e f f e c t  of blowing on t h e  
p r e s s u r e  d i s t r i b u t i o n  .Is c l e a r ;  i.e. t h e  a d v e r s e  pressure g r a d i e n t  t h a t  is 
g e n e r a t e d ,  the r e s i i l t i n g  upstream i n f l u e n c e ,  and t h e  subseqiient f a v o r a b l e  
p r e s s a r e  g r a d i e n t  thaL f o l l o w s .  
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Following t h e  two-dimensional c a l c u l a t i o n s ,  a demons t r a t ion  t h r e e -  
d imens iona l  c a l c u l a t f o n  was performed. A r e c t i l i n e a r  cascade  with t h e  C3X 
geometry was assumed and a g r i d  c o n s i s t i n g  of 1 0 0 x 2 5 ~ 1 5  p o i n t s  was used. For 
t h i s  demons t r a t ion  case l amlna r  c o n d i t i o n s  were assumed. The h e l g h t  of t h e  
b l a d e  above t h e  endwall  ( t o  t h e  symmetry p l a n e ,  midspan) was set t o  be one 
a x i a l  chord ,  while  t h e  i n l e t  boundary l a y e r  t h i c k n e s s  was 20% o f  t h a t  v a l u e .  
I n  F igu re  5, t h e  v e l o c i t y  v e c t o r  p l o t s  are p r e s e n t e d  f o r  t h e  forward p o r t i o n  
of t h e  C3X cascade  a t  two d i f f e r e n t  p l a n e s  above t h e  endwall .  Very n e a r  t h e  
endwall  ( w i t h i n  2.95% spanwise p l a n e )  a s a d d l e  p o i n t  e x i s t s  as i n d i c a t e d  i n  
t h e  p i c t u r e .  Th i s  s a d d l e  p o i n t  moves toward t h e  l e a d i n g  edge and d i s a p p e a r s  
beyond 2.95% spanwise p l ane .  A s t a g n a t i o n  p o i n t  forms on t h e  nose of t h e  
b l a d e  s u r f a c e  beyond 2.95% spanwise plane.  
CONVERGENCE STUDIES 
An impor t an t  a s p e c t  of a p r a c t i c a l  Navier-Stokes c a l c u l a t i o n  p rocedure  
f o r  f lows i n  which a s t e a d y  s o l u t i o n  i s  sought  3s t h a t  of rate of convergence 
t o  s t e a d y  s ta te .  Rate of convergence t o  s t e a d y  s t a t e  and run time p e r  t i m e  
s t e p  or i t e r a t i o n  de te rmine  run t i m e  t o  convergence. Th i s  run t i m e  de t e rmines  
t h e  p r a c t i c a l i t y  of t h e  procedure f o r  u s e  o n  a r e g u l a r  b a s i s .  T h e r e f o r e ,  
under  the  HOST e f f o r t  a s t u d y  of t he  e x i s t i n g  convergence ra te  of t h e  SRA 
p t o  c e du re was uiide r t a ken. 
The i n i t i a l  test  case chosen f o r  t h e  convergence s t u d y  was t h e  Turne r  
t u r b i n e  cascade  (Ref. 7) .  The convergence s t u d y  c a l c u l a t i o n  was run w i t h  a 
' C '  g r i d  c o n t a i n i n g  113 pseudo-azimuthal g r i d  p o i n t s  and 30 pseudo-radial  g r i d  
p o i n t s .  High w a l l  r e s o l u t i o n  was o b t a i n e d  w i t h  t h e  f i r s t  p o i n t  off  t h e  w a l l  
be ing  approx ima te ly  1 . 5 ~ 1 0 - ~  chords  from t h e  b l ade  s u r f a c e .  
convergence,  s e v e r a l  c r i t e r i a  can be cons ide red .  These i n c l u d e  s u r f  ace 
p r e s s u r e  d i s t r i b u t i o n ,  maxinuin normalized r e s i d u a l  and p r e s s u r e  coe f f  1 c i e n t  a t  
t h e  s t a g n a t i o n  p o i n t .  I n  r ega rd  t o  t h e s e  f a c t o r s ,  i t  should be noted t h a t  i n  
t h e  p r e s e n t  c a l c u l a t i o n s  i t  i s  t h e  converged s t e a d y  s t a t e  f low f i e l d  which i s  
t h e  i t e m  of i n t e r e s t  . T h e r e f o r e ,  a l t h o u g h  t h e  c u r r e n t  numerical  procedure 
s o l v e s  t h e  uns t eady  flow e q u a t i o n ,  i t  i s  no t  n e c e s s a r y  and,  i n  f a c t ,  i s  
uneconomi c a l  t o  o b t a i n  a t ime-accura t e  s o l u t l o n  when s e e k i n g  s t e a d y  s t a t e  
s o l u t i o n s .  I n s t e a d ,  ma t r fx  p r e c o n d i t i o n i n g  t e c h n i q u e s  are used t o  o b t a i n  a 
converged solution as r a p i d l y  as p o s s i b l e .  I n  t h e s e  s t u d i e s ,  t h e  c a l c c i l a t i o n  
w a s  i n i t i a t e d  from a very s imple  f low f i e l d  i n  which t h e  v e l o c i t y  magnitude 
and s t a t i c  p r e s s u r e  were set  t o  c o n s t a n t  throughout  t h e  f low w i t h  the v e l o c i t y  
f low a n g l e  a f u n c t i o n  of a x i a l  l o c a t i o n .  Very s imple p r o f i l e s  were used n e a r  
t h e  b l ade  s u r f a c e  t o  b r i n g  t h e  v e l o c i t y  t o  t h e  no-sl-lp c o n d i t i o n .  
I n  r ega rd  t o  
A p l o t  showing t h e  inaximun norrllali zed f low r e s i d u a l  is  p r e s e n t e d  i n  
F i g u r e  6 .  The r e s i d u a l  i s  d e f i n e d  as t h e  imbalance of a l l  s t e a d y  terms and i s  
normalized by t h e  r e s i d u a l  a t  t h e  f i r s t  time s t e p .  A s  can be seen, t h e  
InaxiIwn r e s i d u a l  d rops  s l i g h t l y  ove r  4 o r d e r s  of magnitude i n  150 time s t e p  
i t e r a t l o n s  a d  then  leve ls .  I n  g e n e r a l ,  based upon p rev ious  e x p e r i e n c e ,  t h r e e  
orders  of magnitude d rop  i n  r e s i d u a l  g i v e s  convergence s u i t a b l e  f o r  many 
e n g i n e e r i n g  a p p l i c a t i o n s .  However, i n  addi t i o n  t o  m o n l  t o r i n g  t h e  r e s i d u a l  
behav io r  i t  is n e c e s s a r y  t o  c o n s i d e r  t h e  f l o d  E€eLd dependent  v a r i a b l e  
behav io r .  Based upon e x p e r i e n c e ,  one s e n s i t i v e  itern is  t h e  p re s s i l r e  
c o e f f i c i e n t  a t  t h e  s t a g n a t i o n  p o i n t  where C 2 is  t aken  a s  (p-pref)/+ prefq r e f .  P 
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The r e f e r e n c e  q u a n t i t i e s  are t aken  from the i n f l o w  boundary and consequen t ly ,  
si nce on ly  t o t a l  p r e s s u r e ,  t o t a l  temperature and f l o w  a n g l e  a r e  s p e c i f i e d ,  
t h e s e  m y  vary w i t h  time. The resul ts  show t h e  v a r i a t i o n  of s t a g n a t i o n  p o i n t  
Cp w i t h  t ime-step i t e r a t i o n  number. 
Mach number of approx ima te ly  0.24; on an i n v i s c i d  b a s i s  t h i s  should l e a d  t o  a 
s t a g n a t i o n  p o i n t  C of 1.015. The p r e s e n t  r e s u l t s  converge t o  a v a l u e  of 
approx ima te ly  1.008 f o r  t h e  Navier-Stokes s i m u l a t i o n .  
F i g u r e s  7 and 8, t h e  s t a g n a t i o n  p o i n t  Cp was o b s t e n s i b l y  converged a t  100 
time s teps  a l t h o u g h  some s l i g h t  o s c i l l a t i o n s  occur red  u n t i l  150 time s t e p s .  
The c a l c u l a t i o n  was run wi th  an i n f l o w  
A s  can be seen  i n  
The next  se t  of convergence s t u d i e s  focused upon the  C3X g r i d .  Again a 
C-grid c o n f i g u r a t l o n  was used. Convergence h i s t o r y  r e s u l t s  f o r  a two- 
d imens iona l  l amina r  c a l c u l a t i o n  are g iven  i n  F i g u r e  9. A s  can be s e e n ,  t h e  
r e s i d u a l  d rops  f i v e  o r d e r s  of magnitude i n  150 t i m e  s teps .  It i s  a l s o  of 
i n t e r e s t  t o  n o t e  t h a t  doub l ing  t h e  number of g r i d  p o i n t s  d i d  not s i g n i f i c a n t l y  
e f fec t  t h e  convergence ra te .  The convergence r a t e  f o r  t h e  th ree -d imens iona l  
c a s e  is shown i n  F i g u r e  10. Again, r a p i d  convergence is ob ta ined .  A s t u d y  of 
t h e  two-dimensional t u r b u l e n t  C3X c a s e  i s  shown i n  F i g u r e  11. The r e s u l t s  
shown i n  F i g u r e s  6-1 1 c l e a r l y  i n d i c a t e  t h e  r a p i d  convergence a t t a i n a b l e  w i t h  
t h e  p r e s e n t  p rocedure  and i t s  p o t e n t i a l  f o r  use as an e n g i n e e r i n g  t o o l .  
FUKTHEK C 3 X  CALCULATIONS 
The l a s t  set of c a l c u l a t i o n s  performed t o  d a t e  c o n s i s t  o €  l amina r  and 
t u r b u l e n t  s i m u l a t i o n s  f o r  both two- and th ree -d imens iona l  C3X c o n f i g u r a t i o n s .  
C a l c u l a t i o n s  were performed on a C-type computa t iona l  g r i d .  Both mixing 
l e n g t h  and two-equation t u r b u l e n c e  models were u t i l i z e d .  Mach number con tour s  
are shown i n  F i g u r e  1 2  f o r  l amlna r  and t u r b u l e n t  f low. The mnin d i f f e r e n c e  in 
t h e s e  cases is t h a t  t h e  s h e a r  l a y e r s  are very t h i n  i n  t h e  t u r b u l e n c e  case and 
much t h i c k e r  in t h e  l amina r  case. Other  t y p i c a l  r e s u l t s  are *;horn i n  F i g u r e s  
13 and 14 which show resillts f o r  two-dimensional s i i n u l a t i o n s  using a two- 
e q u a t f o n  k-E: model. C a l c u l a t i o n s  were a l s o  performed f o r  t h ree -d imens iona l  
s i m u l a t i o n s .  T y p i c a l  g r i d s  i n  a g iven  p l ane  p a r a l l e l  t o  t h e  endwall  are shown 
i n  F i g u r e  15. F i g u r e  16 p r e s e n t s  ve loc iLy  v e c t o r s  i n  a p l a n e  a d j a c e n t  t o  t h e  
e n d w a l l ;  t h e  appea rance  of t h e  s a d d l e  p o i n t s  is c l e a r l y  e v i d e n t .  V e l o c i t y  
v e c t o r  p l o t s  f o r  s u r f a c e s  normal t o  t h e  endwall  are shown i n  Figure 17. 
SUMMARY A N D  CONCLUSIONS 
IJnder t h e  HOST e f f o r t ,  SRA has  f u r t h e r  developed and a p p l i e d  a c a s c a d e  
Navier-Stokes a n a l y s i s  t o  t h e  t u r b i n e  b l a d e  row problem. C a l c u l a t i o n s  have 
been performed i n  two and t h r e e  dimensions f o r  b o t 5  lainiriar arid t u r b u l e n t  
flow. Comparisons made w i t h  d a t a  f o r  s u r f a c e  pressure and surface h e a t  
t r a n s f e r  d i s t r i b u t i o n  showed good agreement.  The computed th ree -d imens iona l  
f l ows  showed t h e  p h y s i c a l l y  expec ted  f low f e a t u r e s .  Ca lcu la t i -ons  r e q u i r e d  
r e l a t i v e l y  s h o r t  run times t o  convergence. Two-dimensional c a l c u l a t i o n s  f o r  
3500 g r i d  p o i n t s  r e q u i r e d  approx ima te ly  60 CPU secs of CKAY-XPIP time whereas 
three-dimensional  c a l  c u l a t i o n s  f o r  170,000 g r i d  p o i n t s  r e q u i r e d  approx ima te ly  
2.5 hour s  of (TRAY CPU time. C l e a r l y ,  t h e  two-dimensional a n a l y s i s  can be used 
on a regri lar  e n g i n e e r i n g  b a s i s .  Although run times f o r  t h e  th ree -d imens iona l  
c a l c u l a t i o n  p r e c l u d e  d a i l y  u s e ,  t hey  are s t i l l  s h o r t  enough t o  a l l o w  t h e  
three-dimensional  a n a l y s i s  t o  be used as a d e s i g n  t o o l  i n  c o n j u n c t i o n  w i t h  
two-dimensional a n a l y s e s ,  more approximate th ree -d imens iona l  anal  y s e s  and 
e xpe r i men t s 
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Fig. 1 C3X Turbine Blade 
"0"-Grid Mesh. 
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Fig. 3 Heat Transfer C o e f f i c i e n t .  
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(a) VECTOR PLOT ON 0.135% SPANWSE PLANE 
(b) VECTOR PLOT ON MIDSPAN PLANE 
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F i g .  9 Convergence Behavior, C 3 X  
Laminar 2-D Cascade. 
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Fig .  11 Turbulent C3X Cascade. 
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Fig .  13 Pressure Contours, C3X Cascade, Turbulent Flow, k-& Model. 
F i g .  1 4  Veloc i ty  Vectors, C3X Cascade, Turbulent Flow, k- &Model. 
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Fig. 15 C3X Grid for Three-Dimensional Calculation. 
I 
F i g .  16 C3X Three-Dimensional Calculation, Velocity 
Vectors in Plane Adjacent to Endwall. 
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ENDWALL 
Fig. 17 C3x Three-Dimensional Calculation, Stagnation Region. 
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